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ABSTRACT 
 
 
USING ACOUSTIC TELEMETRY TO ANALYZE THE IMPACTS OF COMMON CARP ON WILD 
RICE RESTORATION 
 
By 
 
Franklin Nicholas Zomer 
 
 
Wild rice (Zizania palustris) is an important cultural, spiritual, and dietary resource 
to Lake Superior Ojibwe. Common Carp (Cyprinus carpio) are an introduced species that 
negatively impact aquatic vegetation through changes in water quality, uprooting of plants, 
and consumption of seed. Acoustic telemetry was used to document Common Carp 
movements in Waishkey Bay in the upper St. Marys River, MI where wild rice habitat is 
present. Exclosures were established to measure the influence of carp presence on wild 
rice seeding success. Common Carp were observed to spend much of their time in 
Waishkey Bay but also demonstrated long-distance movements at a scale which has not 
been previously documented. Site fidelity to the bay was strong with most carp returning 
to the bay during fall. The time spent in Waishkey Bay by Common Carp strongly 
overlapped with wild rice habitat, especially during early summer when wild rice was the 
most susceptible to disturbance. However, strong overlap in wild rice habitat by Common 
Carp did not result in observable impacts on wild rice seeding success. Wild rice grew at all 
sites, whether protected or unprotected from Common Carp, a result potentially related to 
current low carp densities in Waishkey Bay. These results show promise for the success of 
wild rice restoration efforts in Waishkey Bay but should target areas where Common Carp 
spawning aggregations do not occur. These activities should be combined with monitoring 
of the Common Carp population to detect rises in carp density that could affect wild rice. 
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CHAPTER ONE: PATTERNS OF DETECTION PROBABILITY AND RANGE IN TWO ACOUSTIC 
TELEMETRY ARRAYS 
 
INTRODUCTION 
 
 Acoustic telemetry is a widely used technology to track the movements of 
invertebrates, aquatic mammals, and fishes in aquatic environments (Hussey et al. 2015). 
Technological advances in tag sensors, miniaturization of tags, and the ability to easily scale 
up receiver arrays have all led to increased use of acoustic telemetry in the management 
and research of fishes in ocean and freshwater systems (Cooke et al. 2013; Hussey et al. 
2015). Acoustic telemetry has been used at fine to very coarse spatial scales to inform basic 
ecological questions related to fish movement, habitat use, behavior, physiology and 
applied issues related to invasive species management and fishery stock assessment 
(Donaldson et al. 2014; Crossin et al. 2017). Acoustic telemetry is a flexible tool 
incorporated into an assortment of projects in different environments and therefore has 
been used in aquatic systems across the globe.  
 Acoustic telemetry relies on a two-part system that involves a transmitter which 
emits a coded acoustic signal through the water column, and a receiver which decodes that 
transmitter’s signal. The transmitter, or tag, which can be affixed externally or surgically 
implanted into the fish, converts electrical energy into acoustic energy, and emits a coded 
signal at a defined rate until the battery expires. This coded signal carries information, such 
as the specific fish ID, and can also convey measured environmental readings (e.g. 
temperature) or biological events (e.g. predation of the tagged fish) (Pincock and Johnston 
2012; Halfyard et al. 2017). The receiver converts the acoustic energy transmitted from the 
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tag through the water column into electrical energy that is decoded and stored with a date 
and time stamp. The combination of multiple tagged fish and multiple receivers within a 
study system enables researchers and managers to passively monitor the movement and 
space use patterns of fish populations to answer fundamental and applied questions 
(Crossin et al. 2017).  
Historically, acoustic telemetry projects often relied on both fixed-location receivers 
and active tracking of animals in both marine and freshwater ecosystems (Hockersmith 
and Beeman 2012). While active tracking is still common, many studies now use multiple 
receivers that remain in a fixed location and passively collect acoustic transmissions. 
Passive acoustic telemetry has become more widely used in recent years because data can 
be collected continuously and autonomously. To maximize information obtained from 
passive telemetry studies it is important to understand how tag and receiver performance 
vary across space and time. Conditions in the aquatic environment are not static. Therefore, 
the performance of receivers can be highly variable. This variability can be accounted for as 
long as the limitations of the receiver array are characterized through monitoring and 
estimation of detection probability.   
Detection probability is defined as the probability of detecting a transmission from a 
tag. Due to factors in the aquatic environment which can attenuate the acoustic signal, 
detection probability is imperfect. As such, it is important to understand how the tag range 
and physical environment influence detection probability. For example, acoustic signals 
cannot pass through dense objects such as rocks or vegetation. Therefore, substrate type, 
vegetation, and suspended solids are all factors which can affect the range that an acoustic 
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signal can travel (Melnychuk 2012). Another common limitation is acoustic noise that can 
limit the ability of a receiver to detect or decode an acoustic transmission. For example, 
wind-driven wave action can decrease tag detection and represent a main source of 
acoustic signal loss or degradation (Gjelland and Heller 2013; Reubens et al. 2019). This 
effect on the acoustic signal is due primarily to the noise generated by crashing waves and 
air entrainment into the water column, which reduces the range the acoustic signal can 
travel (Medwin and Clay 1998) and the likelihood that the signal can be decoded (Pincock 
and Johnston 2012). Detection probability can also be influenced by close proximity 
detection interference (CPDI). CPDI occurs at close distances, often in low noise 
environments or with high powered tags, when echoes of an acoustic transmission overlap 
during the recording of the coded signal on a receiver (Kessel et al. 2015). When this 
overlap occurs, it results in the loss of a detection. The effect is observed by low detection 
probability at near distances, where otherwise the expectation would be to have high 
detection probability.  
The degree to which detection probability and range may affect a study depends on 
the goals of the study and the type of receiver array to be used (Heupel et al. 2006). While it 
is important to understand detection range and probability of detection for all array types, 
the impact can vary between designs. Studies investigating large-scale movement patterns 
often employ a grid where gaps can exist between the detection range of receivers but the 
entire system has some predetermined, acceptable or strategic amount of coverage 
(Heupel et al. 2006). For example, a large grid array was deployed in Lake Erie, where 
simulated fish movements were used to estimate the relative efficiency and cost 
effectiveness of a grid design rather than receiver lines (Kraus 2018). Another array design 
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often used is a gate array where, at least, edge-to-edge detection coverage is necessary. 
Gates are commonly used in studies investigating the timing of movements in and out of a 
system or along a known migration route (Hayden 2014). Detection probability of nearly 
100% is necessary for a gate so that all fish are detected as they pass through the array. 
Arrangement of the array as a double line of gate receivers increases detection probability 
to nearly 100% as well as adds a directional element to the movement of fish as they pass 
through the gate (Heupel et al. 2006).  
Positional arrays are an array type that minimizes the risk of a fish not being 
detected by having the detection range of multiple receivers overlap within a grid. 
Overlapping grids are often used on smaller spatial scales where accuracy (meters rather 
than kilometers) of a fish position is important (Espinoza et al. 2011). Overlapping 
detection range allows for fish positions to be accurately determined via triangulation. One 
example of this is the Vemco Positioning System (VPS; Innovasea, Bedford, NS Canada) 
which uses a proprietary software program that calculates the time difference of arrival 
(TDOA; Smith 2013) of a single ping, detected on multiple (at least three) receivers to 
estimate a three dimensional position of the tag, which allows fish positions to be 
determined. While this technology offers promise in addressing fine-scale movement and 
space use questions, it is important to understand how detection range and probability of 
detection change spatially and temporally from receiver to receiver throughout the 
duration of the study due to the expectation of accuracy and to prevent a loss of coverage.  
 In this study, two array types, including a VPS and double-line gate array, were used 
to inform a project investigating how the movement patterns and home range of Common 
Carp (Cyprinus carpio) impact wild rice (Zizania palustris) restoration in Waishkey Bay of 
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the upper St Marys River, MI. Fine-scale movements of Common Carp were assessed using 
VPS in areas that overlapped with wild rice habitat. The gate of receivers functioned to 
assess the occurrence and duration of Common Carp movements in and out of the bay. The 
objectives were to (1) determine how distance and tag size affect detection probability to 
inform the layout and spacing of a VPS and gate array, (2) characterize seasonal changes in 
detection probability and range for the VPS and gate arrays, and (3) determine whether 
depth, vegetation and weather conditions influence detection probability in the VPS and 
gate array.  
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METHODS 
 
 
 
 
The study was conducted in Waishkey Bay and the adjacent portion of the St. Marys 
River on the waters of the Bay Mills Indian Community (Figure 1). Vemco VR2Tx (69 kHz) 
receivers were deployed in both array designs as well as range testing. The design of 
receiver housings was consistent between the array types that were evaluated. All 
receivers sat vertically on a 10-15 cm block of concrete that rested on the substrate. To 
hold the receiver upright, PVC pipe was encased in the concrete block where the receiver 
could be secured in place. A rope was affixed to the block and extended to a secondary 
anchor so that the rope could lay outstretched to facilitate retrieval of the receivers.  
Receivers were set up to both transmit an acoustic signal as well as detect and 
record acoustic transmissions. Transmissions occur every 9 to 11 minutes (10-minute 
nominal delay) and were programmed to transmit a signal at a power output (dB) that 
closely approximated the power of the acoustic tags used in the study. This allowed for 
continuous monitoring of detection probability (observed detections / expected 
detections) by comparing the number of detections received (observed) at a neighboring 
receiver against the number of broadcasted transmissions (expected) from each receiver.  
VPS array design 
Prior to the deployment of the full 25-receiver array, 4-transmitting and 5-non-
transmitting receivers were deployed to determine the maximum distance between a 
receiver and tag that would have a detection rate of 40%. A detection rate of 40% in the 
VPS array was deemed appropriate to the study objectives because of the high overlap with 
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multiple receivers (overlap of 4-6 receivers) in the grid design (Figure 1). Initial detection 
range testing occurred uninterrupted from October 2018 to November 2018 (days = 30). 
Transmitting receivers, which simulate the signal transmitted from a tagged fish, were 
deployed at 0 and 600 meters (Figure 2). Detection range is dependent on tag size (i.e. 
power output). However, increased power output from larger tags can also result in a 
greater likelihood of CPDI. Therefore, transmitting receivers were programmed to deliver 
signals at different power outputs to determine which tag size maximized detection 
probability while limiting CPDI. Two transmitting receivers were programmed to randomly 
transmit at 154 dB to approximate the power output of a Vemco V13-1H tag (152 dB; 
hereafter referred to as a V13 tag). The remaining two transmitting receivers were 
programmed to randomly transmit at 160 dB to approximate the power output of a Vemco 
V16-4H tag (158 dB; hereafter referred to as a V16 tag). Five receivers did not transmit and 
were deployed, in a line, at various distances from 100-500 meters from the transmitting 
receivers. The line of receivers was deployed in Waishkey Bay with an average depth of 1.3 
m. Soft-stemmed rush (Juncus effusus) was the dominant vegetation type present during 
this deployment. This is the average depth throughout the study area and rush is the most 
common vegetation through the area that receivers were deployed.  
All detections from the initial range testing were offloaded from receivers and 
uploaded to the Great Lakes Acoustic Telemetry Observation System (GLATOS) database 
where they were compiled into a single file and made available via download. The “glatos” 
(Holbrook et al. 2019) and “data.table” (Dowle and Srinivasan 2019) packages in R 
software (R Core Team, Vienna, Austria) were used following many of the steps outlined in 
the “glatos” range testing vignette (Hayden 2019) to process data. Generalized linear 
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models (package “stats”, R Core Team 2020) and a likelihood ratio test were used (package 
“lmtest”, Zeileis and Hothorn 2002) to determine which model (nested vs complex) was 
more accurate for factors affecting detection probability during initial range testing. The 
nested generalized linear model consisted of detection probability as the response variable 
and distance as the explanatory variable. Detection probability was the response variable 
for the complex model and tag size and distance were the two explanatory variables. 
Detection probability was calculated as the sum of recorded detections on a receiver 
divided by the number transmitted signals from a transmitter. Detection probability was 
calculated for all receiver-transmitter combinations where a receiver and transmitter had 
recorded detections in more than 1% of all four-hour time bins. A logistic regression was fit 
to the detection probabilities to determine the maximum distance at which 40% detection 
probability was achieved. Detection range during initial range testing was defined as the 
distance between a transmitter and receiver where the detection probability remained 
greater than 40%. Although others have based receiver spacing on 50% or greater 
detection probabilities (VEMCO 2015; Espinoza et al. 2011), 40% detection probability was 
selected due to most stations in the proposed array having overlap with at least four other 
receivers, often up to six (Figure 1). A loess smoothed line was fit to the CPDI plots to more 
easily identify when the effect was occurring.  
Gate array design 
Separate range testing was performed in the non-vegetated portion of the bay 
where depths reached 4 m using a mobile tracking unit (VR100) and omnidirectional 
hydrophone (VHTx) on a single day in October 2018. A transmitting receiver was deployed 
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and tag detection was assessed by moving the boat away at 100 m intervals until the signal 
was no longer recorded by the VR100. Prior studies have found that the VR100 has a 
greater detection ability than the stationary receiver (Babin et al. 2019). However, these 
data were used to develop a conservative spacing strategy for the deployment of the 
double-line gate of receivers across the mouth of Waishkey Bay.   
Performance of Arrays 
Two different acoustic arrays were deployed and evaluated during this study.  First, 
a positional array consisting of 25 VR2Tx receivers was deployed across a portion of the 
bay ranging in depth from 0.5 to 3.0 m from May 14, 2019 and concluded on September 30, 
2019. Appropriate spacing where the detection range of at least three receivers overlap 
was determined via detection range testing. Conditions (wind, temperature, vegetation) 
within the bay were variable through time. In particular, vegetation coverage ranged from 
zero to completely covering the study area around some receivers during peak growing 
season.  The second array consisted of a gate of three receivers and was deployed across 
the mouth of Waishkey Bay and into a portion of the upper St. Marys River from May 16, 
2019 to May 16, 2020. Depths ranged from 6 to 9 m in the mouth of the bay. 
Based on the results of range testing (results detailed below), 25 receivers were 
deployed with 325-m spacing in the VPS array. All receivers were programmed to transmit 
at the power level of a V16 tag. Detection probability and range were calculated throughout 
the study period (144 days) and averaged by four-hour time bins. Detection range was 
calculated individually for each transmitter in each time bin. Detection range was defined 
as the maximum distance between a transmitter and all other receivers where detection 
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probability was greater than 40% during the time bin. If detection probability was less than 
40% between the transmitter and all receivers, the range of the transmitter was zero 
during that time bin. Because of the irregular shape of the shoreline and receiver stations 
set up in straight grid lines, the distance between receiver stations near the shoreline were 
less than the rest of the grid (min. spacing = 118 m). To account for variability along the 
shoreline and minor errors in spacing of the grid lines, all distances up to 350 m were 
included in analysis of 325-m spacing (hereafter referred to as 325-m spacing).  
A gate array was deployed with 2 km spacing in a double line across the mouth of 
the bay. The first line in the gate array consisted of only one receiver, positioned across the 
narrow opening to the bay, 1,250 m wide. The second line of receivers were deployed less 
than 1,000 m from shore and 2,000 m from each other. Detection probability was 
calculated between the three gate receivers and averaged by four-hour time bins for the 
duration of the study (365 days). Occasionally, detections occurred between a gate 
transmitter and some of the VPS receivers. These detections were excluded from the 
analysis of detection probability within the gate due to the incredibly low rate of 
occurrence. However, because these detections sporadically changed the range of the gate 
receivers, they were included in the analysis of range. Range was calculated for each time 
bin for all combinations of transmitter and receiver which occurred during more than 1% 
of time bins during the study period. For any receivers within the VPS array that were 
detected on the gate array, the 1% limitation was calculated for the 144 day VPS study 
period only.  
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Additional explanatory variables were included in the analysis of detection 
probability and range. Vegetation data was collected at each receiver location for both 
arrays. Vegetative cover was qualitatively scored from 1-5, where 1 equals no vegetation 
and 5 equals solid vegetation through most of the water column. Vegetation was scored on 
one occasion for each site near the peak of the growing season. Depth was recorded at each 
receiver site with a hull-mounted sonar (Lowrance Mark4) during each deployment. Wind 
data was downloaded from the NOAA National Data Buoy Center, station PTIM4-Pt 
Iroquois, MI which is located less than 10km from the study site. Linear regressions 
(package “stats”) were used to individually compare each variable with detection 
probability and range (R Core Team 2020). Generalized mixed effects models (package 
“lme4”) were used to assess the fixed variables of vegetation, depth and wind speed with 
transmitter site acting as a random effect to account for repeated sampling from each 
transmitter (Bates et al. 2015). Model fit was compared using Akaike Information Criterion 
(package “AICcmodavg”) where the lowest score indicates the most parsimonious model 
compared to all other models that were evaluated (Mazerolle 2020). Additionally, a 
Levene’s Test (package “car”), was used to compare variability in detection probability 
between depths (Fox and Weisburg 2019). To more easily visualize patterns of detection 
probability, a generalized additive model was fitted to detection probability for each 
receiver (Wickham and Grolemund 2016).  
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RESULTS 
 
 
 
 
VPS array design 
During initial range testing, CPDI was observed at distances of approximately 10 m 
with both V13 and V16 tags (Figure 3). Detection probability at 10 m was almost a mirror 
image of what was observed at 300 m. When detection probability was low at 10 m, it was 
high at 300 m and vice-versa. CPDI was apparent at 100 m only for the V16 tag and was 
limited to a short period (10/21 to 10/31). During this ten-day period, the effect of CPDI 
was much less intense than at 10 m. Detection probability appeared to be a mirror image 
(simultaneously low at one distance, high at the another distance) approximately half of the 
time during this period. Detection probability greater than 40% was observed at 359 m 
(mean = 47%, sd = 34) with the V16 tag (Figure 4). Detection probability greater than 40% 
was observed at 245 m (mean = 76%, sd = 27) but dropped to 35% (sd = 31) at 300 m for 
the V13 tag. The logistic regressions fit to this data indicated that 40% detection 
probability was achieved at approximately 325 m for the V16 tag and 275 m for the V13 tag 
(p<0.001).  A likelihood ratio test showed that the complex model which included distance 
and tag size better fit the data (α=0.05, p<0.001) than the distance-only model. Based upon 
this result, V16 tags with 325-m spacing between receivers were used to accommodate for 
variability in detection between sites.  
Gate array design 
In the non-vegetated portion of the bay, detections were regularly coded at 
distances up to 1,200 m. To ensure overlapping detection range, the receivers were spaced 
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2,000 m apart. Based on the initial range testing, this spacing would allow for overlap of 
approximately 400 m of the detection range for each receiver (Figure 5). This detection 
range would also cover distances between receivers and the shoreline, which were less 
than 1,000 m.  
Performance of VPS Array: Seasonal Variation 
Twenty-five receivers were deployed for the VPS array from May 14, 2019 to 
September 30, 2019. During the 140-day deployment, more than 440,000 transmissions 
were detected by receivers in the array. Detection probability ranged from 0 to 1 across the 
array. All transmitter-receiver combinations had at least one four-hour time bin where 0 
detection probability occurred. More than 96% of transmitter-receiver combinations 
included had at least one time bin where detection probability was greater than 40%.  
Detection probabilities of 40% or greater at 325-m spacing occurred during 57% of 
all four-hour time bins.  At 325-m spacing, detection probability was 48% and site averages 
ranged from 13% to 72%. Detection probability changed seasonally at most sites (Figure 6) 
and was highest in June (56% ± 0.5%) and lowest in August (38% ± 0.6%). Similar seasonal 
variability was reflected in detection range. Detection range averaged 153 m across the VPS 
array but fluctuated from 0 (time bins where a transmitter’s detection probability was 
below 40% were expressed as 0 m range) to 2813 m depending on receiver station and 
time of year. Site averages ranged from 15.5 m to 865 m. Mean range across the entire 
array was highest during May (1000 m ± 7.5 m) and lowest in August (59 m ± 2.3 m; Figure 
7).  
 
14 
 
Performance of Gate Array: Seasonal Variation  
Three receivers were deployed in the gate array on May 16, 2019 and detection was 
evaluated for one year (n=365 days). During the study, 79,000 detections were recorded 
between the three gate receivers. Detection probability was 34% and ranged from 30% to 
40% across the three receivers. The distance between receivers was approximately 2,000 
m (2,014 m to 2,130 m) and at this distance, 40% detection probability was achieved 
during 41% of time bins. Similar to the VPS array, Detection probability was seasonally 
variable, (Figure 8) with the highest detection probability occurring in August 2019 (56%) 
and lowest in January 2020 (11%).  
Due to the equal spacing of the gate array, most detections occurred at a distance of 
approximately 2,000 m (2,014 m to 2,130 m) and therefore range was not estimated 
systematically among receivers in the gate array. However, transmitters within the gate 
array were occasionally detected on receivers in the VPS array (39% of the duration of the 
gate array). Gate array transmitters were detected on 14 different receivers in the VPS 
array at distances ranging from 1,907 m to 4,147 m. When detections were greater than 
zero between a gate transmitter and VPS receiver, mean range was 2164 m and was 
highest in September (2321 m) and lowest in July (2088 m).  
Effects of environmental variables on VPS array 
Depth at receiver sites ranged from 0.7m to 2.3 m with an average of 1.6 m. Depth 
changed slightly (0-0.5 m) at all sites in June and July when receivers were retrieved, 
downloaded, and re-deployed. Depth had a positive, albeit weak, relationship with 
detection probability in the VPS array (linear regression r2 = 0.06, p<0.001). Sites with 
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depth greater than 1.5 m accounted for 91% of all time bins where greater than 40% 
probability was achieved. Detection probability was seasonally variable, especially at sites 
shallower than 1.5 m (Figure 9). Depth had a positive relationship with range (r2 = 0.15, 
p<0.001). Sites deeper than 1.5 m (n=13) had an average range of 401 m (sd=553) while 
sites shallower than 1.5 m (n=12) averaged 64 m (sd=253; Figure 10).  
Vegetative cover ranged from 1 (sparse/no vegetation) to 4 (vegetation throughout 
much of the water column) with an average score of 1.9 across sites. Although complete 
coverage (vegetative cover = 5) exists in areas of Waishkey Bay, this was not evident in the 
area immediately surrounding any of the receiver sites. Vegetative score was only 
measured once at all sites. The relationship of vegetative score between sites was 
considered to be constant and therefore the vegetative score at each site remained the 
same throughout the season. While vegetative score was constant for the entire season, the 
impact of vegetation on detection probability was evident, beginning in July with the peak 
of the growing season. At sites with a vegetative score greater than 1 (i.e. sites where 
vegetation was present during the season), mean detection probability during the period of 
May 14, 2019 to June 30, 2019 was 57% (sd=33) and dropped to 44% (sd=40) for the 
period of July 1, 2019 to September 30, 2019.  Vegetative cover was often higher at shallow 
depths but was variable across depths with high vegetative scores occurring at both 
shallow and deep sites.   
Mean wind speed during the duration of the VPS array deployment was 12 km/h 
and was most commonly out of the northwest (29% between 280 and 320 degrees) and 
southeast (27% between 100 and 140 degrees). Maximum sustained wind speed was 51 
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km/h and maximum speed of wind gusts was 65 km/h. Neither wind speed nor gust speed 
were strongly correlated with detection probability (r2 = 0.01 for both, p<0.001) and was 
similar for detection range in the VPS array (r2=0.011 and 0.018, respectively). A 
comparison of generalized linear mixed effects models (Table 1) showed that the 
variability in detection probability was best explained by the interaction of depth and 
month (Marginal R2= 0.08) but was heavily influenced by random effects at each 
transmitter site (Conditional R2=0.47).  
Effects of environmental variables on gate array 
Depth at receiver sites in the gate array were 4.5 m, 6.5 m and 8.8 m. Depths 
changed slightly (<0.5 m) at all sites in October, 2019 when receivers were retrieved, 
downloaded and re-deployed. Depth was not correlated with detection probability 
(r2=0.03, p<0.001). 
Mean wind speed during the duration of the gate array deployment was 15 km/h 
and was most commonly out of the southeast (26% between 100 and 140 degrees) and 
northwest (21% occurred between 280-320 degrees). Maximum sustained wind speed was 
64 km/h and maximum speed of wind gusts was 101.5 km/h. Wind speed and gust speed 
both had a strong negative effect on detection probability in the gate array (r2=0.19, 
p<0.001 and r2=0.20, p<0.001, respectively). 
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DISCUSSION 
 
 
 
 
VPS array design 
Distance and tag size were both important factors affecting detection range in the 
initial range testing. CPDI was evident at very close distances (<10m) but much reduced at 
100 m. Distances greater than 100 m did not exhibit CPDI and should, therefore, not be an 
issue at spacing greater than 100 m. CPDI is common with high power tags, similar to the 
output of the transmitters in this study (Kessel et al. 2015), and has been documented at 
distances over 250 m (Scherrer et al. 2018). The exact distance affected by CPDI is 
uncertain because the initial range test array was not set up with any distances between 
100 m and 150 m. Locations with low ambient noise, like the study area are prone to CPDI. 
However, beyond 100 m, it was not observed during the initial range testing. This is likely 
due to the high rate of signal loss in a shallow, vegetated environment (Medwin and Clay 
1998).  Adopting an array design with a high degree of overlap in the VPS array reduced 
concerns related to lower detection probability (c.f. Espinoza et al. 2011 used 85% 
detection probability). Choosing the largest possible spacing is important for two main 
reasons. First, increasing the distance between receivers and tags increases the likelihood 
that a signal is successfully coded (Scherrer et al. 2018), and reduces the likelihood of CPDI. 
However, the need to increase the distance between tags and receivers must then be 
balanced with the potential loss in coverage during conditions when detection probability 
is lower. Second, maximizing the area of coverage with the lowest number of receivers is 
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beneficial to conserve costs and time needed for deployment and recovery. Together, this 
array design minimizes CPDI while maximizing detection coverage over the target habitat.   
The high rate of scattering and absorption of the acoustic signal that reduced the 
prevalence of CPDI may also be the reason that the lower power tag (V13) performed 
worse at longer distances during range testing than the higher power tag (V16). The 
probability of detection for the V16 and V13 were proportional to power output where 
40% detection probability was obtained at 350 m for the V16 tag and 275 m for the V13 
tag. Due to the relatively shallow depths at which the receivers were deployed, vegetation 
will likely always impact the ability of the acoustic signal to be detected across the array 
(Melnychuk 2012), especially during the growing season when aquatic vegetation is at its 
peak. These results are not uncommon as higher power tags have been shown in other 
shallow, complex habitats to result in higher detection range than lower powered tags 
(Shultz et al. under review). 
The 2,000-m spacing of the gate array was based upon a single day of range testing 
where detections were recorded at 1,200 m. This detection range allowed for 400 m 
overlap of detection range between receivers. Estimating detection range from a period of 
one day is not ideal because factors affecting detection range are not representative of 
those that will be experienced over the entire study.  However, the results of 1,200 m 
detection range are similar to what Hayden et al. (2014) found in comparable areas of the 
Lake Huron.  In that case, range testing was combined with simulated fish movements 
which resulted in 100% detection of simulated fish at receiver spacing of 1000 m. Ideally, a 
gate array would have overlap of detection range such that tagged fish are detected no 
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matter the environmental conditions or location where it crosses the gate (i.e. no gaps in 
coverage). Here, the addition of a second line of receivers to assess directional movement 
added to the likelihood that all tagged fish would be detected. The first line in the gate 
array was positioned across the narrow opening to the bay. Therefore, the detection range 
of 1,200 m was more than enough to cover the 600-700 m distance between the receiver 
and shoreline. The second line of receivers were both less than 1,000 m from shore and 
2,000 m from each other. Even if the detection range was more similar to what Hayden et 
al. (2014) had modeled, 1,000 m detection range would still achieve full coverage across 
both lines of the gate.  
Performance of the arrays 
Detection probability and range were seasonally variable over both a short term (5 
months in VPS array) and a longer duration (12 months in gate array). In the VPS array, 
detection probability and range were much different from the expectation of 325 m, 
especially in June (1000 m) and August (59 m). This dramatic shift in detection range is 
likely tied to the lack of aquatic vegetation in June and increasing abundance of vegetation 
as the growing season progressed. Increasing vegetation results in higher risk of signal loss 
as it is blocked by vegetation. For example, Swadling et al. (2020) saw a more than 50% 
reduction in detection probability for tags placed within aquatic vegetation verses tags 
suspended above the vegetation.  
In the VPS array, the generalized mixed effects model which best fit the data 
included the interaction of depth and month as covariates. However, the measured 
environmental covariates only explained a small proportion of overall variability while the 
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random effect of transmitter ID explained a much higher proportion of variance. Overall, 
detection probability was found to have a negative relationship with month and a positive 
relationship with depth. Receivers that were in shallower depths were more susceptible to 
lower detection probability. This is likely due, in part, to the higher cumulative loss of 
acoustic signal at shallow depths. When acoustic signal travels through the water and 
encounters a barrier (water surface or substrate) it either gets reflected off the barrier and 
continues moving, or is absorbed by the barrier and stops. The signal encounters a barrier 
more frequently at shallow depths and therefore encounters more chances for the signal to 
either be reflected or absorbed (Medwin and Clay 1998). In the VPS array, detection 
probability and range showed little effect from wind speed or wind gust speed. The 
location of the VPS array is highly protected, especially in the directions of prevailing 
winds. While wave action is common and could likely decrease detection probability and 
range, this effect may be minimized in a highly protected, relatively small bay like 
Waishkey Bay.  
The fact that transmitter ID explained more variation in the VPS array suggests that 
local or unmeasured environmental variables more strongly influence detection 
probability than any of the covariates measured in the VPS array. This pattern of high 
variability in detection range within a VPS array is not uncommon and may be attributed to 
many characteristics of the aquatic environment (Binder 2016). For example, substrate 
type affects the amount of signal absorbed as acoustic signal reflects off the bottom (Hovem 
1993). In addition, changes in suspended solids concentrations will increase scattering and 
reduce detection range (Medwin and Clay 1998). Differences in vegetation type may also 
have differential impact on acoustic signal detection. For example, rushes (Scirpus spp.) 
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have a low surface area in the water column and likely have a much lower likelihood of 
blocking acoustic signal than something with much higher below-water surface area, such 
as water milfoil (Myriophyllum spp.). Both of these species occur within the VPS array and 
likely affect the spatial variability in detection probability and range. Despite unpredictable 
variation in detection, the array is still useful to account for changes that occur both 
seasonally and at each receiver site to inform the analysis of fish movements and the 
likelihood of fish detection within the array.  
In the gate array, seasonal variability was also evident but did not follow the same 
pattern of seasonal change as in the VPS array. The lowest detection probabilities occurred 
during the winter months of 2019/2020. The lower detection probabilities during cold 
temperatures may be the product of basic acoustic theory where sound travels slower at 
lower temperatures (Medwin and Clay 1998). This pattern of lower detection probability 
and range during winter months has recently been documented elsewhere in the Great 
Lakes (Klinard 2019). Detection probability and range was minimally impacted seasonally 
for combinations of gate transmitters and VPS receivers where range was lowest in July but 
only slightly lower than other months.  In addition, wind was found to be an important 
factor influencing detection and range in the gate array. The gate array is more exposed to 
winds than the VPS array, especially out of the northwest where fetch is much greater 
(maximum fetch = 330 km at 323 degrees).  As a result, this increases the susceptibility of 
the gate array to decreased detection probability during periods of high winds as well as 
increasing the likelihood that a wind event will result in lower detection probability. This 
results is similar to previous studies where Reubens et al. (2019) found that wind was one 
of the main factors impacting detection probability in range testing. Wind likely has an 
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impact on detection probability as an indirect factor. Wind is more likely influencing 
detection probability through increased wave action increasing acoustic noise and air 
entrainment into the water column (Medwin and Clay 1998; Gjelland and Hedger 2013).  
Many receivers in the VPS array greatly outperformed the estimates of detection 
probability and range based on initial range testing while others severely underperformed. 
The detection probability and range for some receivers in the VPS array were greatly 
reduced during periods when vegetative cover is at its peak. Overall, the receivers in the 
VPS array performed at a level appropriate for the continuous detection of common carp in 
relatively shallow areas of Waishkey Bay. This is bolstered by the high degree of overlap, 
resulting in redundancy of coverage. The gate array also performed at a higher level than 
estimated through initial range testing. The gate array performed at a level similar to the 
expectation in the VPS array, with above 40% detection probability and full overlap in 
detection range during much of the year. This level of detection probability and range will 
greatly limit the possibility of missed detections as the movements of common carp into 
and out of Waishkey Bay are monitored.     
Detection probability and range were analyzed prior to array design and for the 
duration of the study to support the objectives of a project dealing with Common Carp 
movement patterns. Prior analysis provided confidence that detection probability and 
range would be sufficient within the arrays throughout the period of study. Post-hoc 
analysis on the performance of the arrays informed the validity of assumptions made about 
the locations of fish in and outside of the array. Overall, a better understanding of the 
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strengths and limitations of the arrays led to greater confidence in the examination of 
Common Carp movements.  
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Table 1. Table of AIC scores for comparison of GLMs. Generalized linear mixed effects 
models for detection probability were scored using Akaike Information Criterion (AICc). 
Variables use in the model included depth, month and vegetation. Transmitter ID was 
included as the random effect in all models. AICc scores show that the model that had the 
highest fit for the data was one that included the interaction between depth and month 
with transmitter as the random variable. 
Model  K AICc Delta AICc AICc Weight 
depth * month + (transmitter) 11 89506.31 0.00 0.99 
depth + month + (transmitter) 7 92910.70 3404.39 0.00 
month + (transmitter) 6 92940.10 3433.79 0.00 
depth * vegetation (transmitter) 9 93315.60 3809.29 0.00 
depth + (transmitter) 3 94527.76 5021.45 0.00 
depth + vegetation + (transmitter) 6 94529.89 5023.59 0.00 
vegetation+(transmitter) 5 95150.86 5644.55 0.00 
(transmitter) 2 95152.97 5646.67 0.00 
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Figure 1. Site description of arrays. A VPS array of 25 receivers (green dots) was deployed in Waishkey Bay in the upper St. 
Marys River in waters of the Bay Mills Indian Community (hashed lines represent BMIC reservation). A gate array of three 
receivers (gold dots) were deployed at the mouth of the bay and into the St. Marys River.
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Figure 2. Spatial layout of initial range testing array to assess detection probability and 
range. Receivers were deployed at multiple distances (0-600 m) from four transmitting 
receivers with power outputs similar to V13 and V16 tags.  
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Figure 3. CPDI during range testing. Close proximity detection interference (CPDI) was 
particularly evident at close distances (top panel). During times where detection 
probability was high at close distance (9 m), detection probability was low at farther 
distances (305 m), resulting in an almost mirror image of detection probability (top panel). 
CPDI was still evident at 98 m, but occurred for a shorter period (10/21 – 10/31) and was 
more subtle (bottom panel), resulting in a mirror image about half the time during that 
period. A loess smoothed line (blue line) was added to highlight these trends.  
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Figure 4. Range testing for V13 and V16 tags. Detection probability at multiple distances during initial range testing. Logistic 
regression suggests that detection probability greater than 40% was obtained at approximately 275 m for V13 tags (left panel) 
and 325 m for V16 tags (right panel). Mean detection probability at 359 m was 47% (sd = 34) for the V16 tags.  
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Figure 5. Assumed range of gate and VPS arrays. A gate of three receivers (right), each with an assumed detection range of 
1,200 m were deployed across the mouth Waishkey Bay and into the St Marys River. A VPS array of 25 receivers (left) were 
deployed with 325-m or closer spacing to account for an assumed detection range of 325 m. 
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Figure 6. Detection probability for all receivers in VPS array. A generalized additive model line was fitted for each receiver site 
and shows that detection probability was relatively stable at a few sites but seasonally variable at many sites where it was 
highest in June and lowest in August. Sites are ordered from highest mean detection probability (Site 62885, mean = 72%) to 
the lowest (Site 62219, mean = 13%).  
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Figure 7. Expected, high, and low detection range in VPS array. Detection range was highly variable compared to the expected 
range of 325 m (A). The highest detection range occurred in May (B; mean = 1000 m, sd = 744) and was lowest in August       
(C; mean = 59 m, sd = 219).  
 
 
A B C 
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Figure 8. Seasonal changes in detection probability in the gate array. Detection probability was seasonally variable in the gate 
array. The highest detection probabilities occurred during August, 2019 while the lowest occurred during the winter 
2019/2020.  
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Figure 9. Seasonal changes in detection probability of receivers at different depths. Detection probability was higher at sites 
deeper than 1.5 m and was less impacted seasonally than at sites less than 1.5 m. A boxplot of detection probability across 
months, grouped by depth shows a seasonal drop in detection probability at shallower sites.  
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Figure 10. Difference in detection range between shallow and deep receivers. Average detection range was lower at receiver 
sites shallower than 1.5m (left panel; n=12; range = 14.5-320 m) than at sites deeper than 1.5m (right panel; n = 13; range = 
187-865 m).  
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CHAPTER 2: IMPACTS OF COMMON CARP MOVEMENTS AND HABITAT SELECTION ON 
WILD RICE RESTORATION IN WAISHKEY BAY, ST. MARYS RIVER 
 
INTRODUCTION 
 
Wild rice (Zizania palustris), or Manoomin, is an important resource to Lake 
Superior Ojibwe. Manoomin is translated from Ojibwe as the “good berry” and is an integral 
component of the spiritual, cultural, and nutritional well-being of the Ojibwe people. 
Ojibwe migrated to and settled in the Lake Superior region as a result of the abundant rice 
fields (Vennum 1988). At present the distribution of wild rice is scattered across the 
northern Great Lakes region in Michigan, Wisconsin, and Minnesota.  
Wild rice is a persistent annual grass that reproduces from seed stock deposited 
during the previous fall growing season. The plant begins to grow in spring immediately 
after ice-out in shallow to moderate water depths (0.3 – 1 m) in locations with soft, organic 
substrates (Meeker 1999). The distribution and success of wild rice is affected by a suite of 
abiotic factors including turbidity, substrate type, sediment nutrient levels, wave energy, 
and water level fluctuations (David et al. in press). Wild rice success varies temporally but 
can withstand environmental variation because seeds can remain dormant until conditions 
are optimal for germination. Wild rice beds, as part of inland and coastal wetlands, provide 
essential nursery habitat for larval and juvenile fish while also providing nutrition to 
migrating waterfowl each fall (Levine and Willard 1989; Prince et al. 1992).  
Given the ecological and cultural importance of wild rice to the Ojibwe, several 
initiatives and management approaches have been designed to enhance the sustainability 
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of wild rice cultivation and harvest (David et al. in press). However, the distribution of rice 
has declined across its historical range because of multiple stressors including logging and 
the associated effects on water quality and erosion (Meyer 1991; Cleland 2001; Madison 
and Lockwood 2004). Therefore, efforts led by individual tribes and tribal organizations 
have implemented management programs to assess the health of existing rice beds, and 
established targeted seeding programs to enhance or re-establish old beds (David 2013; 
OGL 2018). However, the majority of these efforts have been in ceded territories within 
Wisconsin and Minnesota with little focus on areas of the eastern Upper Peninsula of 
Michigan where rice was historically abundant. 
The Bay Mills Indian Community (BMIC) is a federally recognized Indian Tribe 
located in the eastern Upper Peninsula of Michigan. The land area of the Bay Mills Indian 
Community Reservation comprise 13.8 km2 held in trust by the federal government. The 
natural resources contained within BMIC trust lands as well as the surface waters on and 
adjacent to these lands play a key role in the economic and cultural life of the community. 
These resources support commercial and subsistence fishing, hunting, and gathering along 
with recreational activities including sport fishing, canoeing, hiking, and bird watching. The 
continued sustainability of the natural resources held within the BMIC reservation is 
essential to maintain the cultural and spiritual heritage of the community. One of the 
historically important natural resources on the reservation is wild rice. 
 Past efforts to re-establish wild rice within lands managed by the BMIC have 
produced mixed results. There are two water bodies adjacent to Bay Mills Reservation with 
extant populations of wild rice. Spectacle Lake is a small lake (0.29 km2) where seeding has 
been successful and a small (800-1200 m2) rice bed has been established. Despite the 
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success of this patch, harvest by tribal members has been limited largely due to 
consumption by waterfowl. In addition, Waishkey Bay is an approximately 6 km2 bay 
connected to the upper St. Marys River. The historical status of wild rice in Waishkey Bay is 
undocumented. However, there are accounts of wild rice in the St. Marys River dating back 
to the 19th century (Dunham 2008). Seeding efforts in Waishkey Bay began in the mid-
1990s and have continued with low success. While there have been no seeding efforts in 
the past 5 years, some wild rice continues to grow. A full survey of Waishkey Bay during 
2017 found 330 total stems and were limited to the western edge of the bay (Bay Mills 
Indian Community, unpublished data). Previous monitoring data suggests that Waishkey 
Bay exhibits good water quality (e.g. turbidity, nutrient status, pollution) and is sheltered 
from wave energy (BMIC 2018). In addition, the bay is not regulated and fluctuates under a 
natural hydrological regime. These findings suggest that water quality in Waishkey Bay 
should not be a limiting factor for successful wild rice germination and recruitment.  
 While the primary focus of wild rice restoration projects has often related to the 
suite of abiotic conditions required for success (David et al. in press), disruption of 
biological conditions as a result of introduced species may also have a substantial effect on 
the likelihood of wild rice rehabilitation. For example, Common Carp (Cyprinus carpio) are 
an introduced species from Asia that are common throughout the Great Lakes Basin 
(Emery 1985). They inhabit shallow bays where they forage and spawn. Carp are 
considered ecosystem engineers because of their spawning and foraging behavior, which 
could affect the likelihood of seeding success of wild rice (Jones et al. 1994). Carp spawn in 
large aggregations in shallow habitats which can result in considerable sediment 
disturbance and displacement. Moreover, carp also directly increase turbidity (Roberts et 
38 
 
al. 1995) and nutrient loads (Weber and Brown 2009) through bioturbation resulting from 
actively feeding in the benthic zone of shallow lakes and rivers. Physical habitat 
modifications by carp also have strong consequences for the food webs they inhabit. Carp 
spawning and foraging can reduce or eliminate aquatic vegetation through uprooting 
rather than by herbivory (Weber and Brown 2009). In addition, reduction in aquatic 
vegetation is strongly mediated by the abundance and body size of the carp with locations 
with moderate or large populations exhibiting the strongest effects (Crivelli 1983; Roberts 
et al. 1995). Carp spawning and foraging has also been implicated in the alteration of food 
web structure resulting from changes in zooplankton and benthic invertebrate composition 
and biomass (Weber and Brown 2009). The relationship between carp movement and 
habitat use has rarely been evaluated in the context of wild rice restoration. However, 
Johnson and Havranek (2010) found that high carp densities, resulting from successful 
recruitment, reduced wild rice beds by 70% in just 3 years. Movements into our out of 
Waishkey Bay by Common Carp could lead to similar effects as changes in recruitment.  
Common Carp foraging and spawning behaviors have deleterious effects on aquatic 
vegetation (Vilizzi et al. 2015) and wild rice may be susceptible to these disturbances by 
being uprooted (King and Hunt 1967) and through consumption of seed in the substrate 
(VonBank et al. 2018). Given the lack of information regarding the effect of introduced carp 
on wild rice restoration a study was developed which investigates the overlap between 
common carp movements and areas that can support wild rice and tests the effect of 
protecting wild rice from common carp. To meet the overarching goal of establishing wild 
rice in Waishkey Bay, a project was designed to (1) determine the seasonal spatial 
distribution and home-range of Common Carp in Waishkey Bay, (2) assess the overlap 
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between Common Carp space use and wild rice habitat in Waishkey Bay, (3) monitor 
movements of Common Carp in and out of Waishkey Bay to additionally inform the overlap 
with wild rice habitat, and (4) experimentally seed exclosures to measure the success of 
wild rice seeding when protected from the direct impacts of Common Carp.  
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METHODS 
 
Project Area 
Waishkey Bay is an approximately 6 km2 bay located in the upper St. Marys River, 
Michigan (Figure 11). In the vegetated areas of Waishkey Bay, depths range from 0-2 m and 
covers 30-40% of the total surface area of the bay. The remainder of the bay ranges in 
depth from 1-4 m deep with a mixture of sand, gravel, clay, and silt bottom. Extant stands of 
wild rice are mainly limited to the western portion of the bay where silt is the dominant 
substrate. Water temperatures in the bay are generally isothermal throughout the summer. 
The portion of the bay that approaches the St. Marys River is increasingly variable in 
temperature as water from the river mixes with the bay. Much of this variability is due to 
weather-driven movements of water into and out of the bay but a tributary near the mouth 
of the bay also plays a role.  
Fish collection, transmitter implantation 
Bay Mills Indian Community staff were responsible for all capture and handling of 
Common Carp. Adult Common Carp were collected using boat electrofishing. During the 
first year of the study, 10 carp were collected at staggered intervals corresponding to 
before, during and immediately following the spawning period. Captured carp were held in 
large live wells equipped with aerators after capture but prior to the implantation of the 
telemetry tag aboard the vessel. Carp were measured and placed supine in a cradle and 
immobilized via electroanesthesia (Kim et al. 2017) using a TENS unit (Max-Tens 1000).  
Water was pumped through a hose placed in the mouth to irrigate the gills while the fish 
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was immobilized. A small incision (approximately 35 mm) was made with a scalpel just to 
the side of the mid-ventral line. A Vemco V16 acoustic transmitter (nominal ping rate 90 
seconds, n=5; ping rate 180 seconds, n=5) was implanted into the coelomic cavity of carp 
weighing more than 1.2 kg. The incision was closed with 2-3 sterile absorbable sutures. All 
surgical equipment were sterilized in an iodine bath before and after surgery. A t-bar tag 
(Floy Tag & Mfg., Inc.) with identification number and contact information was attached in 
the dorsal musculature between pterigiophores before the fish was put into an aerated 
holding tank for recovery and release.  
No additional fish were tagged during 2020 due to restrictions related to the global 
COVID-19 pandemic.  
Acoustic receiver array design 
The distance that acoustic signal travels can be affected by variables that can change 
throughout the year. Range testing, described in Chapter 1, found that a 350-m spacing 
between receivers corresponded to the distance where detection probability was greater 
than 40%. Due to spatial and temporal variation (e.g. vegetation, wind) in the acoustic 
environment, a conservative spacing of 325 m was selected for receivers within the bay. 
Based upon range testing, 25 receivers (Model VR2Tx, Vemco, Halifax Nova Scotia) were 
deployed across the area of Waishkey Bay where habitat conditions are favorable for 
growth of wild rice (Figure 11). The receivers were oriented so that the range of at least 
three receivers overlapped across the focus area. The overlap in receiver coverage allowed 
for three-dimensional position of individual fish to be determined. The distance of a tagged 
fish from a receiver in this type of array was determined by analyzing the time differences 
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of arrival (TDOA, Smith 2013) of a single ping at multiple receivers. The TDOA calculation 
for tagged fish is combined with the TDOA of stationary transmitters, with known 
positions. This allows for a continually updated measure of error which can translate to 
precision of a calculated position. The analysis of TDOA and calculation of error were 
performed by Vemco, with VPS1, proprietary software (Vemco, Halifax, Nova Scotia).  
Signal range was analyzed in the non-vegetated portion of the bay where depths 
exceed 4 m. It was determined that a single receiver, deployed in the center of the mouth of 
the bay would have sufficient range to record tagged fish moving into or out of the bay. 
Two additional receivers were spaced 2,000 m away, into the St. Marys River at depths of 6 
and 10 m. During initial range testing, detections were regularly coded up to 1,200 m away 
in a non-vegetated portion of the bay. In areas of the Great Lakes with no vegetation and at 
similar depths, signal ranges exceeding 1,000 m are common (Hayden et al. 2016). The 
combination of the three receivers acted as a double-line gate and was used to record the 
directional movement of carp into and out of Waishkey Bay (Figure 11).  
Two additional receivers were also deployed in the Waishkey River to monitor 
movements into and out of the river by carp. One receiver was attached to a wooden bridge 
piling, approximately 300 m upstream from the mouth and faced mostly upstream. The 
second receiver was attached to a metal bridge piling approximately 1,000 m upstream 
from the mouth. There was no overlap in range between the two receivers. No major 
obstructions existed within the river channel to decrease the likelihood of detection other 
than the sinuosity of the channel.  
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Additional receivers, not part of this project, were deployed nearby in the St. Marys 
River and throughout Lake Superior. These receivers (including the ones in this project) 
are part of the Great Lakes Acoustic Telemetry Observation Network (GLATOS) which 
coordinates data sharing and storage of detection data. This network increased the ability 
to detect long distance movements of Common Carp that were outside of the original study 
objectives. During this project, 567 GLATOS receivers were active in the St. Marys River 
and Lake Superior.  
Analysis of telemetry data 
All tag detections were uploaded to the GLATOS database for distribution. Analysis 
of VPS positions was performed separately from the GLATOS receiver detections. The 
guidelines outlined by Meckley et al. (2014) were used to determine the maximum HPE 
value that resulted in the level of precision needed for the project objectives. A precision 
estimate of 3.5 m was determined to be appropriate to inform the overlap of carp positions 
with wild rice habitat. Based on the measured positional error across all VPS receivers, an 
estimated precision of 3.5 m was achievable by filtering HPE values greater than 25. This 
filter retained 78% of all calculated positions for carp. The “glatos” package (Holbrook et al. 
2019) in R software (R Core Team, Vienna, Austria) was used to analyze movements 
outside of the VPS array and to calculate time spent within and outside of Waishkey Bay.  
Movement analyses within Waishkey Bay 
The amount of time elapsed between VPS positions was calculated and used in the 
analysis of home range using the “FishTracker” toolbox (Laffan and Taylor 2013) in ArcGIS 
software (Version 10.6, ESRI 2018). To determine how the spatial distribution of carp 
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related to the distribution of habitat suitable for wild rice, a polygon was created in ArcGIS 
to represent suitable wild rice habitat within Waishkey Bay. The bounds of the polygon 
were based on depth (0 - 1.2 m) obtained from the NOAA LiDAR dataset (Office for Coastal 
Management 2020). The polygon was additionally modified to exclude areas with substrate 
that cannot support wild rice (i.e. hard-packed sand and gravel) as well as areas of high 
activity such as boat launches and residential waterfront where vegetation is regularly 
removed. Time spent in wild rice habitat by Common Carp was calculated for each fish as 
the cumulative time between VPS positions that occurred within the wild rice habitat 
polygon. Time spent outside of wild rice habitat used the same calculation with positions 
that occurred outside the wild rice habitat polygon.   
The calculation of time spent in wild rice habitat was performed for three distinct 
periods including the Common Carp spawning period, the entire wild rice growing season, 
and the wild rice sensitive period. Kernel density estimates were also produced for each 
carp during each period. The classification of spawning period was based on temperature 
and monitored at each receiver location (VR2Tx receivers record hourly temperature). The 
spawning period for Common Carp in 2019 was from June 18 to July 16 when mean daily 
water temperature was between 16° C and 23° C (McCrimmon 1968, Lane et al. 1996).  
Germination of wild rice seed begins after ice-off which coincided with the 
deployment of the VPS array. Thus, the monitoring of carp movement and habitat use 
aligned with the start of the growing season of wild rice. Growth of wild rice plants was 
observed approximately one week after the VPS array was deployed. The sensitive period 
for wild rice was defined as the period of growth when the leaf lays flat on the surface of 
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the water, ending as soon as the plant begins to stand upright. Due to changes in ice-off 
date and water temperatures, this period is often site-specific and can change between 
years and locations. In Waishkey Bay during 2019, the sensitive period occurred from June 
11 to July 8.  
Movement analyses outside of Waishkey Bay 
The movements of the ten tagged Common Carp were analyzed from the date of 
tagging (May 13 to June 27, 2019) to August 13, 2020 to assess patterns of movement after 
they left the bay. Directional movements out of Waishkey Bay were defined as the 
subsequent detection on the line of gate receivers at the mouth of Waishkey Bay, followed 
by a detection on either of the two gate receivers outside of Waishkey Bay. A detection on 
either of the two outside gate receivers was considered as time spent outside of Waishkey 
Bay. Directional movements into Waishkey Bay were defined as a detection on either of the 
outside gate receivers, followed by a detection on the receiver at the mouth of the bay. 
Occasionally, a detection would be missed on either line of gate receivers. In this case, 
movements out of the bay could also be defined as a detection within the VPS array or 
Waishkey River array, followed by a detection on the second line of gate receivers or any 
GLATOS receiver outside the bay. Movements into the bay could also be defined as the 
inverse sequence of detections as described above for movements out of the bay.  
The “glatos” R package was used to summarize detection events for each fish 
(Holbrook et al 2019). Detection events included the time spent at each receiver to create a 
timeline of known locations. Straight-line distances were calculated between each GLATOS 
receiver (including receivers in this project) with the “geosphere” package and applied to 
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the events timeline (Hijmans 2019). Distance traveled outside of Waishkey Bay was 
calculated as the straight-line distance between known receiver locations, beginning at the 
first line of Waishkey Bay gate receivers.  
Carp Exclosures 
Ten locations were selected on the leeward side of Waishkey Bay to evaluate the 
effect of Common Carp on wild rice seeding success. At each location, four plots were 
established which represented four treatment levels of seeded and fenced, seeded and not 
fenced, not seeded and fenced, and not seeded and not fenced. Each location had similar 
substrate characteristics and equal depth (measured the corners of each plot). Plot design 
followed protocols outlined in Johnson and Havranek (2010; Figure 12). The position of 
treatment plots were randomly assigned within each group. Each treatment within a group 
was spaced 10 m apart. Groups were spaced at least 200 m apart. At each group, the 
corners of four plots (3 m x 3 m) were marked with fence posts. Two plots had metal 
fencing (2 m tall, 3.8 x 3.8 cm mesh) installed around the perimeter so that adult carp were 
unable to access inside of the exclosure. The fencing extended between 20 and 50 cm above 
the water depending on the water level. Metal rebar (1.59 cm diameter), threaded through 
the bottom of the fencing, was pushed into the sediment to prevent carp from burrowing 
into the exclosure. The other two plots had no exclosure fencing. One exclosure and open 
plot were seeded at twice the recommended seeding rate (11,200 kg/ km2) for wild rice 
(USDA 2001; David 2018). The other exclosure plot and open plot in each group were not 
seeded. Seed was overwintered and spread in the plots immediately after ice-off. Each plot 
was marked with GPS. Additionally, a metal stake was driven into the sediment at the 
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center of each plot so it could be found with a metal detector for relocation in subsequent 
years. Wild rice stem counts were recorded in late summer, when the plants were fully 
mature. During stem counts, presence of waterfowl browse was also recorded. Data was 
analyzed using a randomized block ANOVA where location (1:10) acted as a block (random 
effect) and access to carp (exclosure, no exclosure) and wild rice seeding (seed, no seed) 
were the treatments. Presence of waterfowl browse (Yes or No) was included as an 
additional explanatory variable. The response variable was above-water stem counts of 
mature wild rice plants. For ANOVA tests, the package “stats” was used (α=0.05, R core 
team 2020).  
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RESULTS 
 
Habitat use in Waishkey Bay 
Fine-scale positions were calculated in the area of the 25 receiver VPS array for the 
period of May 17, 2019 to September 29, 2019. These calculations resulted in 7,598 unique 
fish positions. The number of calculated positions for each fish was variable and ranged 
from 32 to 2,593. The amount of time spent within the VPS array was also variable and 
ranged from 26 to 719 hours. The time spent in the VPS array comprised 25% of the time 
spent within Waishkey Bay. Three carp left the VPS array within three days of being tagged 
and therefore had few calculated positions.  
Home range analysis of calculated carp positions within the VPS array revealed 
overlap between individuals in use of certain areas of the bay (Figure 13). One area, in the 
southwest part of the bay, was frequented by 9 out of 10 carp. The northwest corner of the 
bay was another area where many carp spent time while within the VPS array. The “core” 
home range (50% likelihood) within the VPS array averaged 0.77 km2 and ranged from 0.2 
km2 (8% of total detection area) to 1.2 km2 (50% of total detection area). Greater than 50% 
of the core range for each carp was in areas of the bay shallower than 2 m deep.  
 Positions occurring within the period of June 18 to July 16 were marked as potential 
spawning locations. Two out of ten carp were not present in the VPS array during the 
spawning period. Another two carp were present in the VPS array only during the 
spawning period. The eight carp that were present in the VPS array during the spawning 
period showed similar patterns of time spent in nearshore areas of the southwest portion 
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of Waishkey Bay. Use of this area overlapped for six carp during a two-day period at the 
end of June (June 28-29) and was frequented, sporadically, by the same six carp during the 
week before and after. This congregation overlaps with wild rice habitat. Approximately 
31% of the time that carp were in the bay during the spawning period occurred in wild rice 
habitat. 
 Due to depth and substrate limitations, wild rice habitat within Waishkey Bay is 
generally confined to the western shoreline and covers 0.52 km2, which is 9.6% of the 
surface area of the bay. During the growing season of 2019, carp spent a total of 9,313 
hours in Waishkey Bay, of which, 1,227 hours (13%) were spent in areas of wild rice 
habitat. All but one tagged carp spent time in wild rice habitat during the sensitive period. 
Carp averaged 31.4 hours (5% of the time) in wild rice habitat during the sensitive period.  
Patterns of Movement 
All of the tagged Common Carp left Waishkey Bay, at some point. Of the ten carp, six 
left and returned to Waishkey Bay during 2019. Three of the fish that did not return to 
Waishkey Bay have not been detected since summer of 2019. One carp remained in 
Whitefish Bay (at least 12 km away) during the winter of 2019 before returning to 
Waishkey Bay in June 2020. Between the two years, the average date that carp left 
Waishkey Bay was June 27 (average of 16 out-migrations). In 2019 the average date was 
July 3 (range = May 24 to August 2) and in 2020 it was June 15 (range = May 29 to July 25). 
The dates of out-migration coincided with an average water temperature in Waishkey Bay 
of 17.0 °C (range = 11.5-20.6, sd = 3.7, n = 10) in 2019 and 17.1 °C (range = 13-22.4, sd = 
4.8, n = 3) in 2020 (Table 2). The temperature in the St. Marys River coinciding with dates 
of out-migration averaged 12.0 °C (range = 6.6-17.2, sd = 4.6, n = 10) in 2019 and 10.0 °C 
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(range = 6.1-18.3, sd = 4.4, n = 6) in 2020. Waishkey Bay temperatures were able to be 
recorded on only three of six out-migration dates in 2020 due to late deployment of the 
VPS array. Of the seven fish that returned to Waishkey Bay in 2019, the average date of 
return was September 1 (range = July 15 to September 11) and the water temperature in 
the bay on dates of return averaged 20.2 °C (range = 16.4-22.7, sd = 2.5, n=7) and 17.3 °C in 
the St. Marys River (range = 15.7-18.3, sd = 1.0, n=7).  
The movements of these fish, after leaving the bay, can be described in three groups 
including two with an unknown fate, five that made intermediate-distance movements, and 
three which made long-distance movements. The first group included carp 7147 and 7154. 
Carp 7147 was tagged on May 29, 2019, left the bay on June 13, 2019, and was never 
detected after leaving the gate receivers. Carp 7154 was tagged on June 27, 2019, left the 
bay for a brief period in mid-July 2019, and has remained along the northwest shoreline of 
Waishkey Bay for the remainder of the study duration. The maximum distance that either 
of these fish was detected from the tagging location is 4.2 km (Figure 15).  
The second group consisted of carp that made intermediate-distance movements 
from the tagging location and includes carp 7149, 7151, 7146, 7153, and 7155. The 
maximum distance any of the five carp, in this group, were detected from the tagging 
location was approximately 20 km (Figure 15). Carp 7151 and 7155 returned to Waishkey 
Bay in fall 2019 and left again during summer 2020. The locations that these carp moved to 
were scattered among areas in Whitefish Bay and downstream in the St. Marys River, near 
the Soo Locks. All five carp made very similar patterns of movement in 2019 and 2020 
returning to the same areas in both years after leaving Waishkey Bay. This group made 
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frequent back and forth movements between Waishkey Bay and areas outside of the bay, 
especially in 2020.  
The final group consisted of three carp, 7150, 7152, 7148, that each traveled more 
than 125 km from the tagging site in either 2019 or 2020 (Figure 15). In 2019, all three 
carp moved outside of and returned to Waishkey Bay during the fall and overwintered 
before leaving again in the early summer of 2020. None of the three carp moved the same 
magnitude of distance after leaving the bay during both years. For example, carp 7152 was 
tagged in mid-May 2019 and left Waishkey Bay two weeks post tagging. After leaving the 
bay, carp 7152 was detected on receivers in Whitefish Bay, in the Tahquamenon River, 
Whitefish Point, Au Sable Point, and Little Presque Isle before turning around and 
returning to Waishkey Bay where it was detected in early September, 2019. In total, carp 
7152 moved no less than 530 km in a 3-month time span. Carp 7152 stayed within the gate 
array through the winter and into spring 2020. In late May 2020, it left the bay and went 
down river near the Soo Locks before heading up the Canadian shoreline into Batchewana 
Bay constituting a movement of no less than 75 km. The rest of the summer, carp 7152 
made movements back and forth between the St. Marys River, Batchewana Bay, Whitefish 
Bay and Goulais Bay. As of August 2020, carp 7152 was in Batchewana Bay. The cumulative 
distance between known locations from the time carp 7152 left Waishkey Bay in 2019 to 
the time it returned during 2019 was 1,470 km (14 km/day). The cumulative distance from 
the time it left Waishkey Bay in 2020 until its last known location in 2020 was 533 km (7 
km/day).  
Carp 7148 made the longest known movement of any of the tagged carp in this 
study. In 2019, carp 7148 traveled as far as the Tahquamenon River and returned to 
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Waishkey Bay, which is a round-trip distance of at least 100 km within a two-month period. 
In 2020, carp 7148 left Waishkey Bay on June 3rd and was subsequently detected on 
receivers in Whitefish Bay, Little Presque Isle and near the mouth of the Huron River. Carp 
7148 turned around and was detected on multiple receivers during the trip back to 
Waishkey Bay, where it returned to on August 5th.  In total, carp 7148 traveled a distance of 
no less than 590 km in 63 days. This distance represents only the straight-line distance 
between known locations of carp 7148 and the actual path of travel (e.g. nearshore) may 
account for a much greater distance traveled. 
All but one of the six carp that returned to Waishkey Bay in 2019 were detected on 
receivers in the gate array during all months from October to April. The same timing of 
detections on each of the three gate receivers was exhibited for all five carp during this 
period, suggesting they may have been grouped together. In May, all but one of the group of 
carp moved into the Waishkey River before dispersing in various directions in June. The 
timing that carp left the bay was somewhat variable between years. Two out of six carp 
that were in Waishkey Bay left the bay within a week of the same date in both years. The 
other four left the bay roughly a month earlier in 2020 than during 2019.  
Experimental Exclosures 
 Wild rice grew in all of the seeded plots whether fenced or unfenced. No wild rice 
grew in plots that were not seeded. Stem count was variable across groups, ranging from 
22 to 689 wild rice stems per site (2 to 76.5 stems/ m2; Figure 16). Randomized block 
analysis of variance revealed that stem density was significantly different between seeded 
and unseeded treatments (F[1,28] = 48.2, p < 0.001) but significant differences between 
fenced and unfenced treatments were not observed (F[1,28] = 1.47, p = 0.24). Stem density 
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was not significantly different between blocks (F[9,28] = 1.6, p = 0.15). Grazing by waterfowl 
was present at several sites both fenced and unfenced and stem density was not 
significantly different based on the presence of grazing (F[1,9] = 2.5, p = 0.15).  
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DISCUSSION 
 
During the course of this study, Common Carp spent much of the time in shallow 
areas of Waishkey Bay that can support wild rice. Wild rice habitat comprises less than 
10% of the surface area of the bay and carp spent 13% of time within this area over the 
entire growing season. Time spent in the bay decreased throughout the growing season 
and was highest during the sensitive period, which occurs early in the summer. The 
sensitive period for wild rice overlapped fully with the spawning period of Common Carp 
in 2019. Moreover, the proportion of time spent in wild rice habitat was higher during the 
spawning period (30%), than during the entire growing period (13%). The southwest 
shoreline of the bay was identified as a hot-spot based upon the home-range analysis, 
where, during the spawning period, nearly all of the tagged carp in the bay congregated. 
This area of common use is indicative of a spawning aggregation (Swee and McCrimmon 
1966). The aggressive behavior and higher density during spawning aggregations increases 
the risk of uprooting wild rice plants and increased turbidity (Lougheed et al. 1998), both 
of which can negatively wild rice, especially during the sensitive period (Bajer et al. 2009). 
At least one area of the bay has overlap between wild rice habitat and a spawning 
aggregation, increasing the likelihood of disturbance of wild rice plants resulting in plant 
mortality. The impact of Common Carp on wild rice outside of the spawning season is likely 
different than that during the spawning season due, in part, to lower localized densities 
that have less impact on aquatic vegetation (Bajer et al. 2009). The treatments used in this 
study also represent very small patches relative to the area of Waishkey Bay. Therefore, 
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this design may not have been able to detect the impacts from a lower density population 
of Common Carp.  
All tagged carp were observed to move outside of Waishkey Bay at some point 
despite exhibiting extensive habitat use in Waishkey Bay. Certain carp left Waishkey Bay 
and moved to similar areas in both years, while others made dramatically different 
movements both in terms of distance and direction between years. Some carp were 
detected at distances over 225 km while others were not detected past the gate array, less 
than 5 km from the location of tagging. Despite the wide range of variability in carp 
movements, some general patterns emerged.  
 Common Carp activity in Waishkey Bay was lowest during July and August, when 
temperatures are the highest. The average temperature inside the bay when carp left the 
bay was 17 °C while the average temperature outside the bay was 11 °C indicating 
movement from warmer water temperature to cooler water temperatures. Changes in 
behavior are common among fishes in response to changing thermal conditions (Angilletta 
et al. 2002). Carp have been documented to move offshore and into deeper waters as 
temperatures increase in nearshore areas similar to Waishkey Bay (Hennen and Brown 
2014). However, temperature, alone, does not likely account for the level of activity or scale 
of movements outside the bay. Prior studies have found that carp can exhibit large-scale 
movements of up to a few hundred kilometers (Stuart and Jones 2006).  However, the rate 
at which some Common Carp moved in this study (e.g. almost 600 km in two months) has 
not been documented elsewhere. Other fishes have been shown to make similar large-scale 
movements in the Great Lakes. For example, Lake Sturgeon have been documented to make 
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post-spawning migrations of hundreds of kilometers in Lake Superior (Auer 1999). In that 
case, it was hypothesized that the large movements were due to the oligotrophic nature of 
Lake Superior causing increased movements related to foraging. While much of the upper 
St. Marys River is oligotrophic, similar to Lake Superior, it supports many habitats which 
could provide a forage base for Common Carp (Munawar and Edsall 2012). Therefore, the 
factors influencing Common Carp to move such incredible distances is unknown.  
Temperature may also affect the timing of when carp return to the Waishkey Bay. In 
this study, most carp that returned to the bay, did so at the end of the summer once 
Waishkey Bay water temperature had fallen below 22 °C. On the dates when carp returned 
to Waishkey Bay, water temperature averaged three degrees warmer in the bay than in the 
St. Marys River. Carp have been shown to move into warmer areas in the fall as water 
temperatures begin to decline (Otis and Weber 1982). After returning to the bay, most 
Common Carp overwintered, and appeared to congregate near the gate array. 
Congregations are common for carp during winter months, often schooling together just 
below the ice (Bajer et al. 2011). This area of the bay may have some benefit as it is very 
near to the mouth of the Waishkey River and likely has increased availability of food and 
thermal gradients. Due to the timing of receiver downloads (August 2020), only the 
patterns of return to the bay from 2019 can be analyzed and inference cannot yet be made 
about whether or not this repeated in 2020. However, homing behavior, like this has been 
observed in Common Carp (Schwartz 1987). Continued monitoring of the tagged 
population will help determine the frequency of this pattern.  
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Common Carp use of Waishkey Bay showed a high degree of overlap with wild rice 
habitat. The overlap with wild rice habitat was highest during the spawning period and 
often concentrated at spawning hot-spots. The timing of the Common Carp spawning 
period closely aligned with the sensitive period for wild rice when the plant is most 
susceptible to disturbances. Under normal conditions, this period can account for almost 
60% of the yearly wild rice mortality via natural thinning and grazing (Meeker 1999). 
Higher levels of disturbance during this period, caused by spawning and feeding behavior 
of Common Carp could compound these losses. Common Carp have been shown to frequent 
the same spawning habitat (Banet 2016), so it’s likely that the spawning hotspots identified 
here may be common among years. Therefore, a targeted seeding approach is advised to 
select areas of Waishkey Bay that are less likely to experience the impacts from Common 
Carp spawning congregations.  
Controlling for common carp presence in the exclosures did not influence wild rice 
seeding success, deviating from the expectation that wild rice stem counts would be lower 
in areas exposed to carp. Bajer et al. (2009) found that low densities of common carp did 
not have an effect on aquatic vegetation. However, if carp densities increase, sudden 
impacts can occur to aquatic vegetation in systems where carp have been present for 
decades without a noticeable influence (Bajer et al. 2009; Johnson and Havranek 2010). 
The common carp population in Waishkey Bay may not have been large enough to have a 
noticeable effect on wild rice during the period of this study.  Anecdotal reports from Bay 
Mills residents have suggested that there were fewer carp in Waishkey Bay in 2019 than 
there have been in the past. Continued tagging of carp will help to address the question of 
how many carp normally reside in the bay.  In addition, while grazing by waterfowl did not 
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have a substantial impact on wild rice density, much of the grazing was from Canada geese 
(Branta canadensis) which are known to consume the entire top of the plant, leaving no 
seed behind (Haramis and Kearns 2010). The loss of seed to Canada geese will likely impact 
the ability of wild rice to successfully self-seed and continue to propagate.  
Wild rice seeding during this study was successful in many areas of Waishkey Bay. 
Additionally, there are some areas of the bay where it grows better than others. Stem 
densities in this study ranged from 2-76 stems per m2. The higher end of these densities are 
typical of high quality wild rice lakes in Wisconsin and Minnesota (P. David, Great Lakes 
Indian Fish and Wildlife Commission, personal communication) and are just below the 
densities that Johnson and Havranek (2010) saw in carp exclosures in Wisconsin. This 
shows direct evidence of appropriate water quality and substrate for the growth of wild 
rice. The western shoreline of the bay, where the majority of wild rice habitat exists, is 
minimally impacted by development. However, even in areas of moderate shoreline 
development, wild rice seeding was successful. While past seeding efforts have only been 
marginally successful, the success of this seeding effort supports the possibility of an 
established wild rice bed in Waishkey Bay. Further seeding efforts should target areas 
where high stem counts and low grazing was observed to increase the likelihood of 
continued success.  
Common Carp populations are a concern for managers across the Great Lakes when 
planning for the reintroduction or restoration of wild rice in coastal habitats (NOAA 2020). 
Due to the large scale of migrations observed in this study, it is likely that Common Carp 
frequent coastal habitats that can support wild rice across a large spatial scale. However, 
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my data suggests that potential impacts are limited to the spawning period when Common 
Carp congregate in higher numbers in locations with wild rice. Prior management actions 
have used fencing to exclude Common Carp during the spawning period and during the 
wild rice growing season (Chizinski et al. 2016; SCCIW 2016). For example, Chizinski et al. 
(2016) found that carp can be excluded from spawning areas without impacting other 
native fish that use the same spawning areas by managing the timing of installation and 
removal of barriers. This would be important in Waishkey Bay as many native fishes use 
the same areas for spawning where carp would be excluded. Moreover, St. Croix Chippewa 
Indians of Wisconsin saw a more than tenfold increase in wild rice after carp were 
excluded from a small bay using seasonally installed nets (SCCIW 2016). Similarly, trapping 
and removal programs have been implemented to decrease Common Carp populations to 
densities below the level that affects wild rice (SCCIW 2016). However, due to the ability of 
Common Carp to move throughout the Great Lakes, removal from coastal regions with high 
connectivity may be less effective than in closed systems like inland lakes. As such, 
management actions which lessen the impacts of Common Carp on areas of wild rice 
habitat are possible but may be logistically improbable in a Great Lakes connected system 
such as Waishkey Bay.  
In summary, the use of Waishkey Bay by Common Carp overlaps with wild rice 
habitat especially during the spawning period. The spawning period is nearly the same as 
the sensitive period for wild rice, increasing the susceptibility of wild rice to the spawning 
behavior of Common Carp. Despite the high use of wild rice habitat in Waishkey Bay, wild 
rice density was not different based on protection from spawning aggregations and 
foraging behavior where wild rice can be uprooted or consumed. Common Carp are likely 
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to move out of Waishkey Bay during the summer and can sometimes move incredible 
distances but often return and overwinter. The distances and rate of movement that was 
exhibited by Common Carp in this study has not been described elsewhere. Wild rice 
restoration goals in Waishkey Bay should include continued tagging to monitor the 
Common Carp population. Spawning hotspots should periodically be identified and wild 
rice seeding efforts should target areas where spawning congregations are uncommon.  
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Table 2. Out-migration dates and corresponding temperatures in 2019 and 2020. Dates of 
out-migration for 2019 and 2020 show that Waishkey Bay temperatures averaged 17.0 °C 
in 2019 and 17.1 °C in 2020 while St. Marys River temperatures averaged 12.0 °C in 2019 
and 10.0 °C in 2020. Temperatures are only shown in 2020 for fish that returned to the bay 
in 2019 and out-migrated again in 2020. Receivers in the bay were not deployed in 2020 
until some out-migrations had already occurred, resulting in missing values for bay 
temperatures during 5/29 – 6/3. 
Fish ID 
 2019   2020  
Date  
Bay  
Temp (°C) 
SMR  
Temp (°C) 
Date  
Bay  
Temp (°C) 
SMR  
Temp (°C) 
7146 6/29 14.8 10.4 - - - 
7147 6/13 11.5 6.6 - - - 
7148 7/1 19.3 8.8 6/3  8.5 
7149 8/2 20.1 17.2 7/25 22.4 18.3 
7150 7/10 19.9 13.7 6/9 16.0 9.1 
7151 7/15 20.6 17.1 6/25 13.0 10.4 
7152 5/24 10.3 4.5 5/29  6.1 
7153 7/14 18.3 17.2 - - - 
7154 7/13 18.7 14.5 - - - 
7155 7/4 17.2 9.7 6/1  6.7 
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Figure 11. Layout of VPS, gate, and Waishkey River acoustic arrays. Twenty five acoustic 
receivers (green dots) were deployed with approximately 325-m spacing to achieve full 
coverage of the area of Waishkey Bay where appropriate conditions exist for wild rice 
(hashed area). Three receivers were deployed across the mouth of the bay and into the 
upper St. Marys River, spaced 2,000 m apart. Two receivers were deployed in the Waishkey 
River at 300 m and 1,000 m upstream.
St. Marys River 
Waishkey Bay 
Waishkey River 
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Figure 12. Experimental exclosure treatments. Study plots with 3 x 3 m openings had one of four treatments including (A) 
exclosure fencing + wild rice seed, (B) exclosure fencing + no seed, (C) no exclosure fencing + wild rice seed, (D) no exclosure 
fencing + no seed. The order of treatments was randomly assigned in each of 10 blocks.   
A 
D 
 
C 
 
B 
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             7155 (155 hrs)       7154 (719 hrs)                  7153 (506 hrs)        7152 (31 hrs)                 7151 (187 hrs) 
     
             7150 (613 hrs)       7149 (515 hrs)               7148 (26 hrs)    7147 (338 hrs)             7146 (29 hrs)  
 
Figure 13. KDE home range for tagged Common Carp in Waishkey Bay. Kernel Density Estimates for each tagged carp show 
commonalities in the relative amount of time spent in certain areas of the bay. All but carp #7146 spent a majority of time in 
an area along the southwest shoreline of the bay. The total duration spent within the VPS array is shown in parenthesis.  
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                7150                 7149                                  7148                   7147                        7146  
 
Figure 14. Overlap of Common Carp KDE home range during spawning period with wild rice habitat. Kernel density estimates 
limited to the Common Carp spawning period show overlap in potential spawning sites with areas of wild rice habitat (shaded 
area of Waishkey Bay). 
Not in bay 
during 
spawning 
period 
Not in bay 
during 
spawning 
period 
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Figure 15. Movement patterns of Common Carp during 2019 and 2020. Multiple panels 
show the magnitude and timing of movements of ten tagged Common Carp from May 2019 
to August 2020. Each panel is ordered from smallest to largest total movements as a 
straight line distance from the point of release after tagging.   
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Figure 16. Stem count interaction plot. Mean stem counts were not significantly different 
between fenced and unfenced treatments but were significantly different between seeded 
and unseeded treatments. Means are shows for all treatments and are represented by a 
point connected by a line between treatments. Error bars represent standard error of the 
means.  
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